Abstract The in situ fluorescent antibody and fluorescence in situ hybridization (FISH) methods are very useful in the in situ detection of specific bacteria like nitrifiers in a biofilm. In this study, simultaneous staining using the FISH and in situ fluorescent antibody methods was examined. As a result, no specific fluorescence was observed with either method when FISH was performed followed by the in situ fluorescent antibody method; however, when the in situ fluorescent antibody method was performed first followed by FISH, specific fluorescence was observed in both cases. Moreover, it was suggested that the detection specificities of FISH and the in situ fluorescent antibody method are almost identical.
Introduction
Nitrogen compounds, which cause eutrophication in enclosed water bodies such as lakes and inland seas, have to be removed in modern wastewater treatment facilities to preserve water environment resources. In general, the process of biological nitrogen removal consists of biological nitrification and denitrification. Because biological denitrification is principally carried out by heterotrophic bacteria that grow rapidly, the process usually progresses smoothly. On the other hand, biological nitrification, which consists of two successive processes of oxidation of ammonium (NH 4 + ) to nitrite (NO 2 -) and of nitrite to nitrate (NO 3 -), is principally carried out by chemolithoautotrophic ammonia-oxidizing and nitrite-oxidizing bacteria. Since the growth rate of these nitrifying bacteria is extremely slow, the nitrification process is a key step in the nitrogen removal process. Although the nitrification process has been intensively studied during the past several decades, it is still difficult to maintain it in engineering systems. Therefore, in order to develop and maintain an advanced nitrogen removal process stably, it is necessary to promote the growth of nitrifying bacteria, and to regulate optimum conditions that are most suitable for nitrification. Moreover, it is essential to determine the optimum conditions for nitrifying bacteria in order to evaluate the microbial community structure of nitrifying bacteria in a biofilm that has been regarded as a blackbox.
Traditional cultivation-dependent methods, such as the viable plate count and mostprobable-number (MPN) methods, have been frequently used to estimate the number and activity of nitrifying bacteria in environmental samples. However, due to the slow growth of nitrifying bacteria, cultivation-dependent methods take a long time to yield results and require complex operations. Moreover, the serious problem in these methods is that most microbes in environmental samples are hardly detected by the present cultivation techniques. It is considered that only 20% of naturally existing bacteria have been isolated from their habitats and can be grown and studied under laboratory conditions (Ward et al., 1990) . For examples, culturabilities determined as the percentage of culturable bacteria with respect to the total cell count were estimated to be 0.001-0.1% in seawater (Kogure et al., 1980) , 1-15% in normal activated sludge (Wagner et al., 1994) , and 0.3% in soil. The reason for this is that for the majority of the microorganisms in the environment, it is still impossible to mimic the natural conditions required for their growth, and they cannot be grown under laboratory conditions.
The recent development of immunological techniques such as ELISA (enzyme-linked immunosorbent assay) and the fluorescent antibody method (Noda et al., 2000) , or molecular biological techniques based on 16S rDNA and rRNA such as FISH (fluorescence in situ hybridization) has enabled scientists to avoid the bias of traditional cultivation-dependent methods. One merit of FISH is that it can be used for analysis based on phylogenetic taxonomical microbial communities using synthetic DNA fragments that target 16S rRNA of specific microbial taxonomic groups. While it is a very expensive and labor-intensive task to raise antibodies, the use of FISH that involves easy synthesis of a probe is an effective method for detecting and analyzing various microorganism communities at different taxonomic levels such as species, genus, family, and order.
The merits of the in situ fluorescent antibody method are as follows: 1) It can obtain strong signals even in cases undetectable by FISH. 2) In cases of strong autofluorescence, it can detect targets due to the strong signal. 3) Results are obtainable in one-half day. 4) Pretreatment causes less damage to the sample than FISH. Therefore, it is assumed that by combining the merits of the in situ fluorescent antibody method with those of FISH, it will be possible to perform dynamic analysis of nitrifying bacteria in various samples.
In this study, simultaneous staining of the samples by the FISH and in situ fluorescent antibody methods was examined. Moreover, the specificity for detection of nitrifying bacteria of the FISH and in situ fluorescent antibody methods was evaluated.
Materials and methods

Biofilm sample
Biofilm in the PEG gel pellet that entrapped activated sludge was collected from a landfill leachate treatment reactor. Ammonia volume loading in the reactor was 0.26 kg-NH 4 -N/m 3 /day. Ammonia removal percentage was more than 90%. BOD/COD ratio at the influent was 0.2.
FISH
The following two rRNA-targeted oligonucleotides were used: (1) an ammonia oxidizing ß-subclass Proteobacteria specific probe (Mobarry et al., 1996) , abbreviated as NSO190; and (2) a probe specific for all hitherto sequenced Nitrobacter species, abbreviated as NIT3. These oligonucleotides were synthesized and labeled with FITC (fluorescein isothiocyanate) or XRITC (X-rhodamine isothiocyanate) manufactured by TaKaRa Biotechnology (DALIAN) Co., Ltd.
A fixative solution consisting of 4% paraformaldehyde in phosphate-buffered saline was prepared immediately prior to use. For in situ hybridization, the collected samples were fixed by adding 3 volumes of the fixative solution to 1 volume of the biofilm sample and the mixture was kept at 4°C for 18 h. After fixation, it was washed three times with a PBS solution, and 10-µm-thick slices were taken. Subsequently, the slices were placed on gelatin-coated slides and dehydrated by sequential washes in 50, 80 and 98% ethanol (3 min each). A hybridization solution (40% (for NSO190 and NIT3) formamide, 0.9 M NaCl, 20 mM Tris (pH 7.2) and 0.01% sodium dodecyl sulfate (SDS)) containing 25 ng of the oligonucleotide probe was added to each hybridization well. The slides were incubated with the hybridization solution for 2 h at 46°C in an isotonically equilibrated humid chamber. The hybridization solution was then removed by flushing the slide with several millilitres of the washing solution (25 mM NaCl (for NSO190 and NIT3), 20 mM sodium phosphate (pH 7.0), 0.01% SDS). Then, the slide was immersed in the washing solution at 48°C for 20 min. The slides were briefly rinsed with distilled water, and left to dry in the dark.
In situ fluorescent monoclonal antibody method
To study the simultaneous staining using the FISH method, the entrapped type PEG gel carrier was fixed with 3% paraformaldehyde solution, sliced, and then dehydrated in an ethanol series as described above. The monoclonal antibodies against nitrifying bacteria used in the in situ fluorescent antibody method were the antibody against N. europaea in a case that NS0190 is used with the FISH method, and the antibody against N. winogradskyi in a case that NIT3 was used; the secondary antibodies was the anti-mouse IgG (H+L) goat antibody (Molecular Probes Co.) labeled with Alexa 546. After the antigen-antibody reaction, FISH was performed as described above.
Results and discussion
In the detection of nitrifying bacteria in thin slices of entrapped type PEG gel carrier by the FISH method, NSO190 confirmed the existence of ammonia-oxidizing bacteria, and NIT3 confirmed the existence of nitrite-oxidizing bacteria. Then the FISH method and the in situ fluorescent antibody method were continued in order to estimate the possibility of simultaneous staining with the in situ fluorescent antibody method and the detection specificities. No specific fluorescence was observed with either method when the FISH method was performed followed by the in situ fluorescent antibody method, however, when the in situ fluorescent antibody method; was performed first followed by the FISH method, specific fluorescence was observed in both cases (Figure 1) . It was suggested that these results were due to differences between the part where the reactions occurred, i.e., the antigen-antibody reaction on the cell surface and the hybridization of the probe inside the cells. The detection specificities of both methods suggested that the sensitivity of the antibody against N. europaea is higher than that against NSO190, but the fluorescence was observed in almost the same areas. Similarly, the fluorescence was observed in almost exactly the same area for NIT3 and the antibody against N. winogradskyi. Because specific fluorescence was observed in almost the same areas in the wastewater treatment biofilm, it was concluded that the detection specificities of the two methods are almost identical.
Regarding the two methods, while it took about two days from sampling to observation using FISH, it was possible to obtain results in about one-half day using the in situ fluorescent antibody method, revealing that the latter method is superior in terms of obtaining results quickly. Moreover, the in situ fluorescent antibody method is the better method because it involves fewer operations. It is apparent that the fluorescent signal obtained using the in situ fluorescent antibody method is stronger than that obtained using FISH. Therefore, in situ fluorescent antibody method is useful for flow cytometry (FCM) that requires a strong signal. On the other hand, FISH is a powerful tool for analyzing complex microbial communities such as those in biofilms and activated sludge and for performing analysis in combination with genetic methods such as PCR-DGGE. Therefore, in the future, combined or separate use of the two methods will be useful in performing more detailed analysis of the microbial community structure in biofilms.
Conclusions
No specific fluorescence was observed with either method when the FISH method was performed followed by the in situ fluorescent antibody method, however, when the in situ fluorescence antibody method was performed first followed by the FISH method, specific fluorescence was observed in both cases. The detection specificities of FISH and the in situ fluorescent antibody method are almost identical.
